Soot deposits that can accumulate on surfaces of a painting during a fire can be difficult to clean from some types of paintings without damaging the underlying paint layers. A non-contact technique has been developed which can remove the soot by allowing a gas containing atomic oxygen to flow over the surface and chemically react with the soot to form carbon monoxide and carbon dioxide. The reaction is limited to the surface, so the underlying paint is not touched. The process can be controlled so that the cleaning can be stopped once the paint surface is reached. This paper describes the smoke exposure and cleaning of untreated canvas, acrylic gesso, and sections of an oil painting using this technique. The samples were characterized by optical microscopy and reflectance spectroscopy.
INTRODUCTION
Fires in museums and public buildings can result in complete destruction of artwork on display or can soil the artwork with accumulated soot to an extent to which it can no longer be used for study or be enjoyed by the public.
In situations where the surface has not undergone extensive charring or melting, restoration attempts can be made.
However, soot deposits can be very difficult to remove from some types of painted surfaces, particularly those prepared with an acrylic medium or those where the paint is fragile or flaking. Restoration typically involves the use of organic solvents to clean the surface [1] . But these solvents may cause swelling or leaching of the paint layers [2] .
Immersion of the surface, or swabbing during solvent cleaning may also cause pigment movement or removal through mechanical contact. A non-contact technique of removing organic deposits from surfaces was developed out of NASA research on the effect of oxygen atoms on various materials. Atomic oxygen is of interest because it is present in the atmosphere surrounding Earth at altitudes where satellites typically orbit. It has been shown to react chemically with coatings or deposits that contain carbon which are present on the surface of a material [3] [4] . In the reaction, the carbon is converted to mostly carbon monoxide and some carbon dioxide. Water vapor is also a byproduct of the reaction if the surface contains carbon-hydrogen bonds. As a result of the need to study this reaction that takes place in Earth' s upper atmosphere, facilities have been developed which can produce atomic oxygen on Earth for material exposure and testing [5] . Radio frequency, microwave, or electron bombardment can be used to split molecular oxygen into atomic oxygen. These atoms at low energy can be directed to a surface, like a genre shower, or allowed to surround the object, as in a bath. The exposure is performed in a vacuum chamber where pressures can range from 100 to 0.001 millitorr depending on the technique used. Because it is a dry process, there is no risk of leaching or swelling.
In addition, the atomic oxygen reaction is confined to the surface which minimizes the risk to the paint or underlying canvas. Because the technique seems to provide an attractive alternative to present cleaning techniques, a series of tests were performed in order to determine the effectiveness of atomic oxygen in removing soot, produced in some simulated fires, from some typical painting surfaces.
PROCEDURE Samples Used for Testing
Samples used for smoke exposure and cleaning consisted of cotton canvas and canvas prepared with acrylic gesso purchased from the Cleveland Institute of Art supply shop, and sections from a greater than fifteen year old donated portrait of a woman made with oil paint on gesso. The two 2"x2" sections used in the test were carefully cut fromtheforehead andshoulder areas ofthepainting withascalpel inorder to capture areas with the greatest color changes, brushstroke details and impasto. General color changes were looked for, however, the sample was limited in color variety and the pigments were not documented. Most of the testing focused on the effects of the cleaning process on gesso and canvas where changes in spectral response, and appearance could be made.
Smoke Exposure
Two different smoke exposures were used to simulate building fires. The first test was performed at the Cleveland Fire Department Training Facility, which offered an opportunity to simulate the type of smoke that would be present in a house fire. The training facility consists of a two story building with corrugated metal outer walls and firewall separating rooms inside. The interior firewall is outfitted with thermocouples at spaced intervals from floor to ceiling so that the wall temperature can be monitored during a fire. In this test, samples of gesso and canvas were attached to the interior firewall of one room using small nails. Near the opposite wall of the small room, three upholstered chairs, a wood lamp table and lamp and a wood end table were placed. A lit match thrown into a metal bucket waste container holding newspaper was used to start the fire. A thin layer of straw spread on the concrete floor and a newspaper wick from the bucket to the straw helped to spread the fire to the furniture. During the fire, the wall temperature where the samples were hung did not exceed 177°C. The fire was allowed to bum for about 23 minutes before being extinguished by the fire department with a water hose. Care was taken not to get the samples wet while putting out the fire. All that remained of the furniture were the metal frames and springs and a few pieces of wood from furniture legs. After the room cooled down, samples were carefully removed from the wall. It was noted that samples placed near the ceiling of the room received a thicker covering of soot, while those near the floor had only a very thin veil of soot. Samples were photodocumented before and after the fire. The soot on the surfaces, even near the ceiling level, still was not very thick.
In a desire to obtain a thicker smoke layer on the surfaces, a smaller metal chamber was fashioned out of an electrical circuit breaker box. A hole with a sliding door was made at the top of one end of the box to serve as a vent stack and at the bottom in the opposite end was placed a small metal can containing a rolled rag soaked in 10W-40 motor oil, which was the fire source. The samples were hung on the side wall near the vent using binder clips attached to metal hooks. The samples exposed were gesso and the oil painting sections. The sections of the painting were attached to gesso strips with copper wire for hanging. A thermocouple suspended into the vent stack provided an indication of the temperature inside the box. The extent of the smoke deposit was measured using the current reading from a small illuminated solar cell that was protected with a glass slide. As soot built up on the slide, less of the light from two nearby lamps could reach the solar cell. This would make the monitored current reading drop.
Taking into account the soot buildup on the lamps, the test was stopped when there was estimated to be an 80% reduction in transmittance of light through the slide on top of the cell. This took approximately one hour. The temperature during this fire did not exceed 84°C. After exposure the smoke source was removed from the box and extinguished. Samples were photodocumented prior to and after smoke exposure.
Atomic Oxygen Cleaning
Cleaning of the samples after smoke exposure was performed in a commercial radio frequency plasma chamber (SPI Plasma Prep II) operated using air to produce atomic oxygen. The chamber size was approximately 10.5 cm in diameter by 15 cm long. The pressure in the chamber during exposure was approximately 100 millitorr. The back sides of the canvas, gesso and painting samples were protected from the cleaning process by use of a glass backing plate. Samples were laid on the plate but not physically attached.
Anal s_E_
A Perkin-Elmer Lambda-9 spectrophotometer was used to observe the change in reflectance from the canvas and gesso surfaces caused by soot deposition and subsequent cleaning. Reflectance as a function of wavelength from 400
to 700 nm (visible range) was measured as a means of accurately monitoring color changes on these samples. The painting sections were not analyzed because there was not enough area of any particular color on these samples to obtain an accurate measurement. Samples were also visually examined with an Olympus SZH optical microscope.
Exposed samples were compared to unexposed control samples.
RESULTS AND DISCUSSION
Although the samples exposed in the fire at the Cleveland Fire Department Training Facility did not darken as much as expected, there was still a change in coloration of the exposed canvas and gesso from white to tan. This color change was easily detected with the spectrophotometer as can be seen in Figure  1 . The gesso and canvas were sectioned so that various degrees of cleaning could be tried on each sample to determine the effect of different doses of atomic oxygen on the soot and underlying material.
As can be seen in Figure  1 , the canvas surface reflectance recovered rapidly with atomic oxygen cleaning to levels near that of the original surface. The recorded dose of atoms of atomic oxygen accumulated over a square centimeter of the surface area needed for recovery took a little over three hours to achieve. The gesso material also recovered with atomic oxygen exposure, but took longer to reach nearly the same coloration as the original, approximately 23 hours. The same amount of soot was deposited onto the canvas as the gesso, but the canvas has a much greater surface area due to the weave of the fabric. This may result in a thinner deposit overall. As can be seen in Figures la and lb, the atomic oxygen cleaned sample reflectance scans closely approximate but never reach an exact match with the original. When the surface appears to be fully clean, the reflectance of the surface is slightly higher than that of the original at longer wavelengths. The reason for this can be observed in the microscope photographs in Figure 2 . The surfaces originally have a gloss to them (Figures 2a and d) . The smoke particles shown clinging to the surfaces in Figures 2b and e are removed by the atomic oxygen, but since the fabric sizing and the acrylic gesso are also organic, a small amount of these materials are removed. This results in a less glossy, more diffusely reflecting surface as shown in Figures 2c and f . Because the reflectance measurement is that of the total reflectance from the surface, the increased surface area due to the slight surface texturing scatters more light and increases the total reflectance response. A similar dulling of the surface is observed following conventional cleaning techniques. Both microscope photo series in Figure 2 illustrate the ability of atomic oxygen to remove smoke particles from the surface without altering the overall surface structure. No cracking due to dehydration from being cleaned in a vacuum chamber was observed on any of the samples. The material never reaches full dehydration, because the cleaning time is much shorter than the time for the residual moisture to be drawn out of the painting (at least 48 hrs).
Overcleaning can result in a detrimental loss of sizing in the canvas or increased porosity in the gesso. This can be avoided by monitoring of the surface during exposure through visual techniques such as observation through a window or camera, or reflectance scan monitoring. The cleaning process is uniform, and can be stopped at any point in the soot removal process.
Similar results were observed for the gesso exposed during the oil fire, however, the soot was removed in much less time, slightly less than an hour. Even though the soot was believed to be thicker on this surface, it was a more pure carbon deposit and was fairly black. This made it an easier material to oxidize. It may have been more difficult to remove soot from the furniture fire because the soot is believed to contain a blend of many different, less oxidizable, organics and inorganics. The oil painting sections were cleaned to levels near that of the gesso. A photo series taken from the forehead area is contained in Figure 3 . With careful cleaning, the soot that totally obscured the detail in this section of the forehead shown in Figure 3b could be removed. Figure 3cshows thefinalresult after cleaning. Thesections were placed backintotheoriginal painting so that changes in gloss, detail or coloration could be observed. After cleaning to an atomic oxygen exposure dose of 3x1019 atoms/cm 2, the sections were restored to their original coloration and gloss. There was no apparent loss of any impasto regions or brushstrokes. Further exposure tests are planned using a series of well documented acrylic pigments on gesso in order to verify color and gloss durability on these more sensitive materials. 
CONCLUSIONS
Although further tests are needed to verify the safety of the atomic oxygen cleaning process for use on paintings, preliminary results appear to be promising. The process appears to work well for removing soot from both canvas and gesso, allowing them to be restored to their original coloration without changing the overall surface roughness.
There is a slight increase in diffuse reflectance as a result of cleaning, however, it is similar to that which is observed with solvent cleaning and the process can be stopped sooner by either visual observation or surface reflectance monitoring. The oil painting that was cleaned was restored without changes in coloration, surface texture, or gloss.
This process may provide a viable alternative to other cleaning techniques and add an additional tool for use by conservators. It is especially attractive for cases in which soot cannot be removed from a surface acceptably or safely by conventional techniques.
